INTRODUCTION
The Stillwater Complex is a layered ultramafic to mafic pluton of Late Archean age located in southwest Montana (Fig. 1) . The complex is exposed for ~48 km along strike with an exposed thickness of >6-5 km (Page & Zientek, 1985) . Results of largescale mapping of the complex have been reported by Hess (1960) , Jackson (1961) , Page & Nokleberg (1974) , McCallum et al. (1980) , Segerstrom & Carlson (1982) and Raedeke & McCallum (1984) . The Stillwater Complex is one of the most intensively studied layered intrusions in the world. Much of this interest results from the occurrence of a variety of magmatic ore deposits in the lower third of the complex (including Pt and Pd deposits, Cu-Ni sulfides and chrome ore).
The igneous stratigraphy of the Stillwater Complex can be divided into three series ( Fig. 2): (1) the Basal series, which includes mafic dikes and gabbroic rocks that make up the lowermost 100 m of the complex ; (2) the Ultramafic series, composed of olivine, olivine-orthopyroxene and orthopyroxene cumulates with cumulus chromite present locally (Raedeke & McCallum, 1984) ; (3) the Banded series, which is composed of rocks with cumulus plagioclase and is subdivided into the Lower, Middle and Upper Banded series. Although there is general agreement about the three major series divisions, subdivisions within the Banded series are not standardized. In this paper we use the stratigraphic nomenclature of McCallum et al. (1980) . The Lower Banded series has received considerable attention from geologists because it hosts an economically significant platiniferous horizon known as the J-M Reef. Olivine is present in the Lower Banded series associated with the J-M Reef in Olivine-Bearing zone I and again just below the base of the Middle Banded series after being absent throughout most of the upper part of the Ultramafic series and the lower part of the Lower Banded series (Fig. 2) . The Middle Banded series is the main subject of this paper and is discussed in detail below. The Upper Banded series contains a relatively thin olivine-bearing zone that is overlain by a thick plagioclase-orthopyroxene-augite cumulate.
The Middle Banded series contains two thick anorthosite zones, AN-I and AN-II, that sandwich two olivine-bearing zones, OB-III and OB-IV (Fig.  2) . The thick anorthosites have been described by Hess (1960) , McCallum et al. (1980) , Scheidle (1983) , Salpas et al. (1983 Salpas et al. ( , 1984 , Salpas (1985) , Czamanske & Bohlen (1990) , Boudreau & McCallum (1992) , Haskin & Salpas (1992) and Loferski & Arculus (1993) . In summary, AN-I and AN-II are very similar both chemically and texturally. They both contain an average of 90% plagioclase by volume, have plagioclase grains up to three times more coarse grained than plagioclase in most other rocks in the complex, and have an average An content of 78 that remains approximately constant throughout both zones. Despite the relatively constant average An content, individual grains are often complexly zoned over 10% mole fraction An, and variations of up to 20% are found within a standard thin-section.
In comparison with the thick anorthosites, relatively little work has been done on OB-III and OB-IV. McCallum et al. (1980) measured a stratigraphic section through OB-III and OB-IV in the Contact Mountain area. Foose (1985) mapped a portion of the Contact Mountain area including OB-III and OB-IV, at 1:5000. This map provides a sense of the lateral continuity of the units but does not express the small-scale complexities present in OB-III and OB-IV.
The Middle Banded series differs from the Lower Banded series and Upper Banded series in several ways. In both the Lower Banded series and Upper Banded series clinopyroxene appears after orthopyroxene in the stratigraphic sequence of cumulus minerals, whereas the sequence is clinopyroxene followed by orthopyroxene in the Middle Banded series. The mineral proportions in the Lower Banded series and Upper Banded series are approximately equal to those predicted for cotectic crystallization; in contrast, the Middle Banded series contains on average 82% plagioclase by volume, well in excess of the cotectic abundance of 60% (McCallum et al., 1980) . Much of this plagioclase is concentrated in AN-I and AN-II and in anorthosites and olivinepoor troctolites in the lower portions of OB-III and OB-IV. Gabbros with approximately cotectic cumulus mineral proportions occur in the upper portions OB-III and OB-IV. There is a systematic decrease of both the An content of plagioclase and the mg-number [Mg/(Mg + Fe)] of cumulus mafic minerals with height in the Lower Banded series and Upper Banded series, but no such trends have been discerned in the Middle Banded series. To characterize and understand the internal complexities of OB-III and OB-IV, the relationships between the two thick anorthosites and OB-III and OB-IV, and the relationship between the Middle Banded series and the rest of the Stillwater Complex, we have undertaken a detailed study of the olivine-bearing zones of the Middle Banded series.
GEOLOGY AND STRATIGRAPHY OF THE MIDDLE BANDED SERIES

Terminology and petrography
The nomenclature for cumulus rocks has been a source of confusion and controversy (Irvine, 1982) . A system for naming cumulates on the basis of their cumulus mineralogy is inherently a genetic classification but provides valuable information about the rock modes and texture. In this paper we follow the lead of McCallum et al. (1980) and name cumulates based on their cumulus mineralogy (Table 1) , ignoring the cumulus mineral proportions in applying rock names.
Determining whether or not a mineral is a cumulus phase can be complicated by a number of factors (McBirney & Noyes, 1979) . We have ignored chemical considerations and characterize minerals as cumulus or postcumulus on the basis of grain morphology. Cumulus minerals (1) are assumed to be primocrysts (i.e. the first minerals to crystallize), (2) are equant and usually euhedral-subhedral, (3) typically have at least one boundary in common with another grain of the same mineral (not always true for olivine in plagioclase-rich troctolites), and (4) are found throughout the rock. Postcumulus minerals (1) are anhedral and commonly subpoikilitic or poikilitic, (2) occur interstitial to JOURNAL OF PETROLOGY VOLUME 37 NUMBER 3 JUNE 1996 cumulus minerals, and (3) make up < 15-20% of the mode (in most instances much less). Based on these criteria, plagioclase and olivine occur as cumulus grains, quartz, apatite and ilmenite are postcumulus minerals, and clinopyroxene and orthopyroxene may be texturally of either type. Cumulus plagioclase occurs throughout OB-III and OB-IV and has an average maximum dimension that ranges from 3 to 15 mm. The habit of the plagioclase varies from blocky, nearly equant crystals to tabular, book-shaped crystals. In general, the higher the proportion of plagioclase in a rock, the larger the grain size and the more equant its crystal habit. The most notable exceptions to this general rule occur in thin (< 1-2 m) anorthositic layers located in sections dominated by more mafic rocks. Plagioclase found in rocks with 25-40% mafic minerals are typically 5-8 mm in the long dimension and tabular in habit. Rocks that are highly laminated contain plagioclase with the highest aspect ratios (Meurer, 1995) . Cumulus plagioclase grains are almost always free of inclusions, although polymineralic inclusions of clinopyroxene-ilmenite-apatite are found in a few grains in ~30% of the samples examined. Loferski & Arculus (1993) reported that this type of inclusion is also found throughout the two thick anorthosites that sandwich OB-III and OB-IV. These inclusions have not been reported for rocks outside of the Middle Banded series.
Olivine is the second most abundant cumulus mineral in OB-III and OB-IV. In layered rocks it generally occurs as 5-10 mm, subhedral, equant crystals. In discordant bodies, where the olivine is often much larger (>20 mm) it is 'ameboidal' in shape and often contains inclusions of rounded plagioclase. Throughout much of the section, the olivine abundance is relatively low (<10%). Thin layers that contain as much as 60-70% olivine occur sporadically throughout OB-III and OB-IV, but these layers cannot be correlated between sections and most persist for <50 m along strike. Olivine grains are generally partially altered along fractures to a fine-grained mixture of magnetite and a serpentinegroup mineral. This alteration rarely makes up >30 vol % of most grains. In some locations olivine is completely altered to medium-grained tremolite and talc mixture surrounded by fined-grained chlorite. The talc-tremolite-chlorite alteration assemblage represents a higher-temperature alteration than does the magnetite-serpentine alteration (Page, 1976) . Samples in which the olivine is converted to talctremolite-chlorite are referred to as pervasively altered to distinguish them from the much more common magnetite-serpentine alteration.
Both orthopyroxene and clinopyroxene occur as cumulus grains in the Middle Banded series. Clinopyroxene joins the cumulus assemblage before orthopyroxene, and occurs throughout most of OB-III but only in the upper half of OB-IV. Cumulus orthopyroxene is restricted to the upper 100 m of OB-III, and occurs only in the highest stratigraphic levels of OB-IV but is not present everywhere along strike in OB-IV. Postcumulus clinopyroxene and orthopyroxene occur throughout OB-III and OB-IV and are far more abundant than cumulus pyroxenes. Although coarse exsolution is present in some pyroxene grains, the majority of both cumulus and postcumulus pyroxene grains contain only fine-scale exsolution. Some inverted pigeonite is found as intercumulus grains in the anorthositic sections of OB-IV but the majority of the low-Ca pyroxene in OB-III and OB-IV crystallized as orthopyroxene.
Field petrography and stratigraphy
Methods
Three complete stratigraphic sections through OB-III and OB-IV and a portion of a fourth were measured and sampled in the Contact Mountain and Picket Pin Mountain areas (Fig. 3) . These sections are named, from east to west, (1) Picket Pin Mountain section, (2) Camp Lake section, (3) Eastern Contact Mountain section and (4) Western Contact Mountain section. The Camp Lake section is a partial section covering only the upper 75 m of OB-III and the lower 50 m of OB-IV. In addition to these sections, the measured section presented by McCallum et al. (1980) and Raedeke (1982) was studied and sampled. This section is referred to as the Central Contact Mountain section. The locations of the stratigraphic sections are shown in Fig. 1 . The Eastern Contact Mountain section is the most complete overall but the Picket Pin Mountain section provides the most complete coverage of the upper portion of OB-IV. The lower portion of the Western Contact Mountain section is well exposed, but much of OB-IV in this section is not exposed. Exposure of the Central Contact Mountain section is generally good, although portions are covered and other portions contain fault repetition.
OB-III and OB-IV were studied by dividing individual sections into layers that were used to construct stratigraphic columns. The sections were measured using a tape and compass. Samples were taken as close to the center-line of the section as possible, but 100-150 m on either side of each section were studied. Three criteria were used to define the layers used in constructing the stratigraphic columns: (1) layers must be laterally persistent for the entire width of the section studied (i.e. 200-300 m along strike); (2) layers must be at least half a meter thick to be depicted in the stratigraphic section; (3) layers can be either texturally or mineralogically distinct from the adjacent layers. To establish the extent of lateral continuity between the sections measured, marker units and layers were chosen that are easily correlated from section to section. In every section studied there are portions where exposure is poor, and these are described as 'covered'. Covered intervals may include portions of the stratigraphy used as marker units. A marker layer is described as 'not exposed' when it is anticipated to occur in a portion of the stratigraphy that is covered. A marker layer is 'absent' when the appropriate stratigraphic interval is exposed but the marker layer is missing.
Olivine-Bearingzpru 111-petrography
Wispy-layered and homogeneous troctolite. The base of OB-III is marked by two texturally distinctive and continuous troctolite layers. It is sharp but irregular and is denned by the first appearance of cumulus olivine above AN-I. In the lower troctolite layer, the olivine occurs in wispy, discontinuous layers and is termed the 'wispy-layered troctolite'. These olivine layers are no more than 2 cm in thickness and generally continue for <2~3 m along strike. They are similar in appearance to cross-bedded sedimentary rocks [also noted by Foose (1985) and McCallum et al. (1985) ]. The wispy-layered troctolite is overlain by a 'homogeneous troctolite', which containŝ 20% homogeneously distributed olivine. The contact between these two layers is sharp and easily recognized. The homogeneous troctolite is laminated, but the wispy-layered troctolite is not. The thickness of these two layers varies considerably along strike. In the Western Contact Mountain section the combined thickness of these layers is 100 m, but thins to ~25 m at the Eastern Contact Mountain section. The upper contact of the homogeneous troctolite is sharp and regular but locally it is cut by discordant troctolites.
Disrupted zone. Above the homogeneous troctolite clinopyroxene joins the cumulus assemblage within a zone of extensive layer disruption and discordant troctolites termed the 'disrupted zone'. The disrupted zone is 15 m thick at Western Contact Mountain, thickens to 30 m at Central Contact Mountain, but is absent at the Eastern Contact Mountain section. As noted above, the base of the disrupted zone is both sharp and regular; however, folding and stretching of layers becomes pronounced within 3 m above the top of the homogeneous troctolite [see McCallum et al. (1980) , fig. 4b ]. Abundant blocks of anorthosite are present in the disrupted zone. These blocks range in size from ~ 10 cm to nearly 1 m in long dimension and the mineral lamination in the host rock wraps around them. Small (1 m), discordant troctolites composed of 25-30% ameboidal olivine and plagioclase are common in the disrupted zone. Discordant troctolites cut across the lamination of the host cumulates but also finger out laterally, parallel to the layering. Discordant bodies composed predominantly of anorthosite that have an outer zone of troctolite are also found in the disrupted zone.
Plagioclase clots. Approximately 250 m above the base of OB-III, polycrystalline aggregates of plagioclase, 15-35 cm in long dimension, give the olivine gabbro a distinct appearance. These 'plagioclase clots' are often flattened in the plane of the mineral lamination and the plagioclase in the clots is blocky, unlike the very tabular habit of the host rock plagioclase which wraps around the clots (Fig. 4) . Most of the clots examined are monomineralic, although one contains interstitial quartz. The plagioclase clots occur over a stratigraphic interval of 75-100 m in all sections studied, are relatively uniform in size and are homogeneously distributed within a given outcrop but vary in abundance with height.
Foliated zone and mafic layer. The plagioclase clots first occur 30-50 m below a zone with a strong foliation defined by the lamination of platy minerals termed the 'foliated zone'. The plagioclase clots are present throughout most of the foliated zone but occur only sporadically below this zone. Cumulus orthopyroxene occurs locally immediately below the foliated zone but is prevalent in this zone. The plagioclase clots, cumulus orthopyroxene and strong foliation make the rocks of the foliated zone unique in appearance, and it is readily identified in all stratigraphic sections. Other features of the foliated zone include the presence of fractures lined with hornblende, plagioclase-quartz dikelets with hornblende selvages, hornblende-bearing pegmatoids and myrmekitic lenses. The top of the foliated zone is defined by a pair of texturally distinct layers. The lower of the two is three to four times coarser grained than other cumulates of OB-III and is termed the 'coarsegrained layer'. The upper layer has ^80% orthopyroxene + clinopyroxene and is called the 'mafic layer'. The coarse-grained layer is a gabbronorite except at the Western Contact Mountain section where it is a olivine gabbronorite. An orthopyroxene-rich layer 2 cm thick is present half a meter from the top of the coarse-grained layer and has a minimum lateral persistence of >2 -5 km. The mafic layer marks the last occurrence of (1) cumulus orthopyroxene in OB-III, (2) plagioclase clots and (3) the well-developed foliation that defines the foliated zone.
Olivine-Bearing zone IV--petrography
Pervasively altered troctolite and AN-I.5. The base of OB-IV is defined by a 100-125 m thick anorthosite termed 'AN-I.5'. As the name implies, this layer is very similar to AN-I and AN-II both texturally and chemically (see below). Like the thicker anorthosites, AN-I.5 is three to four times coarser grained than most other rocks in OB-III and OB-IV and lacks discernible mineral lamination. It is underlain by a troctolite that contains pervasively altered olivine. This type of alteration is observed in the discordant troctolites immediately below AN-I in OB-II (Hess, 1960) and AN-II in OB-IV but is otherwise rare.
Fine-scale layering. The top of AN-I.5 is defined by the first appearance of cumulus olivine above the base of OB-IV. The next 100-150 m of section are composed of alternating anorthositic and troctolitic layers with troctolitic layers becoming more dominant up-section. Three to five meters below the level where abundant clinopyroxene joins the cumulus assemblage, there is a texturally distinctive zone composed of fine-scale layering of clinopyroxene i olivine in a plagioclase-rich matrix. This zone has been noted in the Western Contact Mountain, Central Contact Mountain and Picket Pin Mountain sections, but is not exposed at the Eastern Contact Mountain section. In some locations a single layer may be defined by both olivine and clinopyroxene (the two minerals do not occur together-they alternate along strike for sections of the layer). Olivine layers are thinner than clinopyroxene layers (0-75 cm vs 2 cm) and contain less plagioclase.
Mess's Eggs. Most of the uppermost 50 m of OB-IV is composed of olivine gabbro. Just above the finescale layering is a zone that contains unusual bimineralic aggregates of olivine and plagioclase that Hess (1960) described as egg shaped and are here termed 'Hess's Eggs'. Hess's Eggs are ovoid in crosssection with olivine in the lower half of the egg and plagioclase in the upper half. This texture is present in the Western Contact Mountain and Central Contact Mountain sections but is not exposed in the Eastern Contact Mountain section and is poorly defined, if present at all, at the Picket Pin Mountain section.
Discordant troctolite. Discordant troctolites found 0-5 m below the base of AN-II are irregularly shaped bodies that cross-cut the lamination in the olivine gabbro host. The lower portions of these bodies are pipe like but they become concordant with irregular lower contacts at the base of AN-II. The troctolite bodies (1) are composed of 10-15% ameboidal olivine, (2) may be zoned, containing up to 15% clinopyroxene at their outer margins, compared with 30-40% clinopyroxene in the host, and may have cores of anorthosite, and (3) are not continuous along strike.
Stratigraphy ofOlivine-Bearing zone III and OlivineBearing zone IV
An idealized stratigraphic section through OB-III and OB-IV is shown in Fig. 5 . Much of the lower portion of the idealized section is adopted from the Eastern Contact Mountain section; this is reflected in the high abundance of anorthosite. The disrupted zone is a local feature and is therefore omitted from the section. Whereas the lower portions of OB-III in the Eastern Contact Mountain and Western Contact Mountain sections differ, the upper portions of OB-III in all measured sections are similar. The thickness of AN-I.5 differs slightly between the Eastern Contact Mountain and Western Contact Mountain sections; however, the continuity of the exposure at the Eastern Contact Mountain section is better, so the Eastern Contact Mountain thickness is used in the idealized section. The upper half of OB-IV is not continuously exposed at any of the sections. The upper part of OB-IV in the idealized section is based on a judicious mixture of observations from the measured sections, examination of float in covered areas, and on the section presented for Central Contact Mountain by McCallum et al. (1980) . Cumulus orthopyroxene is present near the top of OB-IV at Central Contact Mountain but is not present at the top of OB-IV at Picket Pin Mountain. We have opted to include the cumulus orthopyroxene in the idealized section to emphasize the similar progression of rock types observed in OB-III and OB-IV.
MINERAL CHEMISTRY
Methods
Mineral compositions were determined using the JEOL 733 Superprobe at the University of Washington. Operating conditions for clinopyroxene, orthopyroxene and olivine were 15 kV and 25 nA with a beam diameter of 10 fim. Operating conditions for plagioclase were similar except a 20 fim beam diameter was used. Natural minerals were used as standards and the raw data were perfectly aligned) are provided to give a sense of the mineral lamination in the cumulates (Meurer, 1995) .
reduced using an on-line Bence-Albee (Bence & Albee, 1968 ) correction scheme. All mineral compositions determined in this study were compiled by Meurer (1995) .
Plagioclase
More than 3000 microprobe analyses of plagioclase were collected from over 100 samples from OB-III and OB-IV. Representative analyses are presented in Table 2 . Cumulus plagioclase occurs throughout the Middle Banded series and so potentially provides the best means of assessing igneous processes. Analyses were performed to characterize compositional variability from the scale of single grains, single thin-sections, outcrops and the entire thickness of the zones. The data are discussed in order of increasing scale (i.e. from zonation of grains to variations with stratigraphic height).
Compositional contour maps of 14 plagioclase grains that range in maximum dimension from < 1 to 14 mm in length were constructed using spot analyses checked against optical zonation. The grains were contoured for weight percent FeO and KQO and mole percent An. Most grains are concentrically zoned although incomplete zones are common near the margins. Figure 6 shows a grain contoured for An content and wt% K2O that has a reversely zoned core, oscillatory zonation in the middle, and patchy and incomplete zonation near the margin. Of the grains that showed concentric zonation about 40% are normally zoned and 60% are reversely zoned. Many grains have high-An, incomplete outer zones. These high-An rims are observed on both normally and reversely zoned grains. Scheidle (1983) and Czamanske & Scheidle (1985) reported on the compositional variability of plagioclase grains from both AN-I and AN-II. Many of the features they reported are observed in the plagioclase throughout OB-III and OB-IV. These include (1) normal, reverse, oscillatory and irregular zonation, (2) high-An rims, (3) incomplete outer zones, (4) truncated zones (as if by grain breakage), and (5) variability of zonation types within a single thin-section (e.g. normally and reversely zoned grains are found in the same thin-section). Czamanske & Scheidle (1985) noted that where plagioclase is in contact with quartz incomplete zones with lower An content are present, suggesting continued growth of the plagioclase from trapped liquid. In one grain we mapped that is in contact with quartz the relations are not as straightforward. Figure 7 shows that the zone in contact with the quartz is nearly complete, but additional incomplete zones with higher An are present on the other side of the grain.
The plagioclase that makes up the monomineralic clots in OB-III and the plagioclase from the rocks that host these clots were analyzed to determine if they are compositionally distinct. We found that the average An and K 2 O contents of the plagioclase clots are indistinguishable from those of the host rocks. However, the plagioclase in the clots does have an average of 0-1 wt% more FeO than that in the host rock (which typically contain 0-3-035 wt% FeO). Mapping of plagioclase grains in the clots shows complex and variable zonation and high-An rims to be present.
The variation of the average An content of plagioclase in an outcrop is small compared with withinsample variation. Figure 8 depicts the variation of An with stratigraphic height for a continuously exposed portion of the Western Contact Mountain data from the Eastern Contact Mountain and Picket Pin Mountain sections. However, the wide scatter of average values of An at any given height and the normative whole-rock An contents (Meurer, 1995) argue against the presence of any clear stratigraphic trends. The range of average values of An from OB-III (~6 mol% An) is larger than that for OB-IV (~3mol% An). Lateral variations in plagioclase composition can be evaluated by comparing the average compositions from distinctive layers in each of the sections. Analyses of plagioclase from both the mafic layer and the coarse-grained layer at the Western Contact Mountain, Central Contact Mountain, Eastern Contact Mountain, Camp Lake and Picket Pin Mountain sections show modest variations along strike. Going from east to west, the An content of the coarse-grained layer is 75-3-75-0-76-1-P-76-0, and that of the mafic layer is 74-8-74-9-75-5-74-4/ 75-9-76-8. The plagioclase analyses from two samples from a single outcrop of the mafic layer in the Central Contact Mountain area differ by 1-5 mol % An. The variations within the layers are 1-1 and 2-0 for the coarse-grained and mafic layers, respectively, and are of the same order as the variation between these two samples and are not deemed significant. 
Pyroxenes
Over 850 microprobe analyses of clinopyroxene and over 300 analyses of orthopyroxene were collected (Tables 3 and 4 contain representative analyses), and these data are discussed in order of increasing scale.
Five clinopyroxene grains with an average size of 15 mm 2 were mapped using 60-100 analyses per grain. Three of these grains show no discernible zonation and none have significant postcumulus overgrowths characterized by lower mg-number values [Mg/(Mg +Fe)]. Two zoned grains show consistent increases in m^-number, wt % CaO and wt% TiO 2 from the core to the rim (e.g. Fig. 11) . Projection of the clinopyroxene analyses used to construct Fig. 11 onto the graphical thermometer of Lindsley & Anderson (1983) indicates that minimum crystallization temperatures for core compositions are between 1000 and 1100°C but rim compositions yield submagmatic temperatures between 600 and 800°C.
No systematic variation of /rig-number in clinopyroxene with height is found in either OB-III or OB-IV (Fig. 12) . Cumulus clinopyroxene is absent throughout much of OB-IV, and therefore it is not meaningful to evaluate large-scale compositional variations of clinopyroxene in OB-IV. The average values of the mg-number from each stratigraphic section in OB-III range from 80-5 to 81-5, and average values for OB-IV range from 79-0 to 81-5. Analysis of intercumulus clinopyroxene in three samples from Eastern Contact Mountain shows them to have substantially lower average m^-number values (average 74) than the cumulus clinopyroxene (average 81). Meurer & Boudreau (1993) grains indicates that they are not zoned. Postcumulus orthopyroxene m^-number values vary from 72-0 to 78-5 whereas those for cumulus orthopyroxene range from 73-5 to 79-5. Values of mg-number in the mafic layer, going from east to west, are 78-7-77-8-77-7-78-5-78-4 , giving a total range of only 1-0. The coarse-grained layer has a slightly larger range in m^-number along strike, again from east to west: 76-5-75-2-74-2-?-74-2. The average standard deviation of mg-number in orthopyroxene is ± 0-64, which is more than the variability seen in the mafic layer and only slightly less than that in the coarsegrained layer. Thus lateral variability in m^-number in clino-and orthopyroxene is deemed minimal. Projection of pyroxene compositions onto the graphical thermometer of Lindsley & Anderson (1983) shows that the bulk of the clinopyroxene compositions are consistent with equilibration at temperatures between 700 and 900°C and orthopyroxene compositions give similar or slightly lower temperatures (Fig. 13) . These temperatures are too low to be magmatic and reflect intergranular exchange as discussed below.
Olivine
Olivine is found throughout OB-III and OB-IV except in AN-I.5. Representative analyses of the >200 olivine analyses are presented in Table 5 . Average mg-number values from OB-III range from 69 to 76 whereas those from OB-IV show considerable variability ranging from 64 to 75 (Fig. 14) . Olivine from near the base and top of OB-III have lower average m^-number values and larger withinsample variability (range in m£-number values is five) than do other samples from OB-III (range in mg-number values <2). The lower average mgnumber values may reflect postcumulus equilibration with trapped liquid. This effect should be more significant for rocks with low mafic mineral contents (Barnes, 1986) , as is the case for these samples. 
DISCUSSION
Before the cumulus and postcumulus processes that resulted in the textures and compositions preserved in OB-III and OB-IV can be understood, an adequate description of the vertical and lateral variations in these units is required. This study is primarily directed at characterizing these units and assessing the vertical and lateral variations. However, preliminary interpretations of the data arc useful as a means of directing and stimulating discussion and investigation of some of the proposed processes. In the following sections we consider the origin of some of the textural and chemical features observed in these zones. The discussion is organized in terms of increasing size of the features (i.e. from thin-section scale to the scale of the entire Middle Banded series). The treatment of individual features is not meant to be exhaustive; rather, we present preliminary interpretations that are consistent with our data and the results of previous work. Cumulus and postcumulus crystallization features
Plagioclase habit
The habit of the plagioclase varies from blocky and equant in plagioclase-rich layers to tabular in layers with 20% or more mafic minerals. The upper portion of the Sept lies layered intrusion is characterized by zones with tabular, well-laminated anorthosites in massive anorthosite with blocky plagioclase. Higgins (1991) suggested that the welllaminated anorthosites formed as a consequence of shearing within the boundary layer in which the crystals were growing. A shear event that could influence the shape of the crystals should also produce a lineation (e.g. Brothers, 1964; Benn & Allard, 1989) . However, there is no significant lineation in either the laminated anorthosites from the Sept lies layered intrusion or the rocks of OB-III and OB-IV. Because no lineation is observed, we favor an alternative model that involves crystal growth under uniaxial stress to explain the tabular vs blocky habits of the plagioclase. If AN-I, AN-I.5 and AN-II formed by accumulation of plagioclase suspended in the magma column and not at the floor of the chamber as has been proposed (e.g. Raedeke, 1982) , then the blocky habit of their plagioclase reflects growth under relatively isostatic stress conditions. Plagioclase with a tabular habit may have grown in a uniaxial stress field as might be expected in the (compacting) crystal pile. Unfortunately, experimental studies of plagioclase growth habits (e.g. Corrigan, 1982; Lofgren, 1983; Kouchi et al., 1986) have not dealt with habits produced under uniaxial stress fields. In the absence of definitive experimental results, we suggest that the habit of the plagioclase may provide insight into the relative stress field under which plagioclase grain growth occurred.
Evidence for late-stagefluid flow
Several models have been proposed for the origin of the high-An rims on cumulus plagioclase. Czamanske & Scheidle (1985) suggested that high-An rims on plagioclase may be a product of pressureinduced dissolution along grain margins that would effectively concentrate the anorthite component. Morse & Nolan (1984) described strongly reversed zonation in cumulus plagioclase from the Kiglapait. The distribution of these rims indicates that they formed from the last liquid to crystallize. Wager & Brown (1967) suggested that the reverse rims on plagioclase from the Bushveld formed when the partial pressure of water increased in the magma thereby lowering the plagioclase liquidus temperature.
Although some of the high-An partial rims may have formed by partial dissolution, the concentric nature of other high-An partial rims (such as depicted in Fig. 7) suggests they did not form as a consequence of selective dissolution (which would be localized at high stress contact points between grains). If the quartz depicted in Fig. 7 crystallized before the growth of the incomplete high-An rim on the opposite side of the grain, then isolated pockets of liquid were crystallizing while interstitial liquid was flowing through the cumulates. An alternative explanation for the relations depicted in Fig. 7 is that the quartz was deposited by fluids that resorbed part of the plagioclase grain before precipitating the quartz. We favor the former interpretation because the compositional zone in contact with the quartz is also in contact with other plagioclase grains. Nonetheless, both models require that late-stage liquidfluid flow through the cumulates be spatially restricted: in the former case to produce the high-An rim opposite the quartz, and in the latter case to resorb part of the high-An rim and deposit the quartz.
More dramatic evidence of the influence of latestage liquids-fluids on rock textures and mineralogies is provided by the discordant troctolites and pegmatites. The textures of the troctolites indicate that they formed by metasomatic replacement of host olivine gabbro (McCallum et al., 1980; McBirney & Sonnenthal, 1990) . The textures and relations of pegmatites from the foliated zone are like those described by Braun et al. (1994) for pegmatites below the J-M reef, interpreted to have formed by recrystallization of host cumulates by channelized fluid flow.
Postcumulus reequilibration
The subsolidus temperatures recorded by rims of the zoned clinopyroxene grains and coexisting orthopyroxene reflect intergranular exchange between clinopyroxene and orthopyroxene. During cooling, exchange between ortho-and clinopyroxene enriched the rims of the clinopyroxene in CaO at the expense of MgO and FeO. The higher mgnumber at the rim in the clinopyroxene is consistent with this exchange because clinopyroxene has a higher K]-, for Mg than does orthopyroxene [see Raedeke (1982) ].
Internal evolution of Olivine-Bearing zones HI and IV
The evolution of OB-III and OB-IV is discussed in order of increasing stratigraphic height from the base of OB-III to the top of OB-IV. However, this sequence may not represent the sequence of crystallization. As discussed below, there is evidence that the thicker anorthosites (AN-I.5 and AN-II) were crystallizing before some of the underlying cumulates.
The sharp textural contrast between the wispylayered and homogeneous troctolites that mark the base of OB-III may reflect deposition under two different dynamic regimes. The segregation of olivine in the wispy-layered troctolite could have been produced by deposition from crystal-laden currents or by postcumulus slumping of the olivine-plagioclase mixture. We favor the former interpretation because of the regular nature of the texture, its widespread occurrence and the planar upper contact of this layer. Calculation of settling velocities shows that if the olivine crystals were even a tenth the size of the plagioclase crystals they could readily segregate during deposition because of their greater density contrast with the liquid (e.g. Irvine, 1980) . In either case, the discontinuous nature of the olivine-rich layers in the wispy-layered troctolite is a consequence of deposition (or consolidation) in a relatively dynamic system. The homogeneous troctolite reflects accumulation and crystallization under more quiescent conditions. Field relations suggest that the disrupted zone was formed by slumping of partially consolidated layers. Anorthosite blocks of similar size are found at the same stratigraphic level in the disrupted zone and are consistent with the overstretching of an anorthositic layer as suggested by Foose (1985) . However, other blocks are too widely scattered both laterally and vertically to be interpreted as disrupted anorthositic layers and suggest that portions of the section were jumbled during slumping, with fragments of anorthositic layers displaced both vertically and laterally. This process requires substantial transport of partially consolidated material. The change in thickness of this zone and the increase in layer disruption from Western Contact Mountain to Central Contact Mountain are consistent with slumping from the west toward the east. Discordant troctolites found in the disrupted zone are interpreted to have formed by reaction with infiltrating fluids as noted above [see Schiffries (1982) and Braun et al. (1994) ]. The absence of discordant troctolites at the stratigraphically equivalent position at Eastern Contact Mountain suggests that slumping elsewhere may have been facilitated by volatile enrichment of the partially consolidated cumulates. There is no evidence for any large-scale physical disruption of layering in OB-III above the disrupted zone or in OB-IV.
The section between the disrupted zone and the first occurrence of plagioclase clots is predominantly anorthositic or troctolitic with olivine gabbro becoming increasingly abundant with height. Foose (1985) considered the origin of the plagioclase clots, and suggested three possible models: (1) the clots represent ripups of anorthositic layers formerly interlayered with the host rocks; (2) the clots are the remnants of fine-scale anorthositic layers that were disrupted by compaction of the cumulates; (3) the clots were initially megacrysts that were recrystallized to finer-grained aggregates during compaction. He ruled out the first explanation because the clots show no evidence of size sorting and because they are widespread whereas ripup events arc likely to be local. We find the second objection more compelling because plagioclase clots were probably close to neutrally buoyant so no size segregation should have occurred. There is no evidence that fine-scale layering ever existed in these rocks and so we agree with Foose in discounting the second model. Foose favored the third explanation, recrystallization of megacrysts, but our data do not support this model. The complex zonation observed in plagioclase from throughout the Middle Banded series is also observed in the plagioclase of the clots and there is no reason to expect recrystallization to generate complex zonation patterns. As an alternative to these models, we suggest that the clots were glomerocrysts formed during initial plagioclase nucleation and growth at the base of either AN-I.5 or AN-II and were carried down by plumes or density currents. Cumulus orthopyroxene occurs in the section just above the first occurrence of plagioclase clots (see Fig. 5 ), and abundant intercumulus orthopyroxene is associated with the plagioclase-clot-bearing layers just below the first cumulus orthopyroxene occurrence. Cotectic crystallization of significant amounts of orthopyroxene along with clinopyroxene and plagioclase might have caused the crystallizing layer to become gravitationally unstable and form density currents that carried the plagioclase clots to the floor. This model requires that crystallization of anorthosite be taking place above the floor of the magma chamber during the time needed to accumulate the 60-100 m thickness of cumulates that host the plagioclase clots.
The lower boundary of the foliated zone lies 40 m above the lowest occurrence of plagioclase clots. The foliated zone is both texturally and mineralogically distinct and contains the only cumulus VOLUME 37 NUMBER 3 JUNE 1996 orthopyroxene in OB-III. Despite the strong mineral lamination present in this zone, no lineation is observed to indicate alignment by flow, suggesting that the rock foliation developed by compaction. If compaction did occur, then the texture of the coarse-grained layer could owe its origin to recrystallization caused by liquids trapped below the mafic layer. The compositions of ortho-and clinopyroxene from the foliated zone and from the coarse-grained layer in particular support these conclusions. Figure 15 shows the variation of orthoand clinopyroxene m^-number values in the foliated zone. The wi^-number for the coarse-grained layer is significantly lower than that of the underlying layers. Lower m^-number values in the ortho-and clinopyroxene of the coarse-grained layer are consistent with its equilibrating with later intercumulus liquids, possibly those compacted out of underlying cumulates. Several features of the foliated zone provide evidence of liquid-fluid redistribution, including the following: fractures lined with hornblende, plagioclase-quartz dikelets with hornblende selvages, hornblende-bearing pegmatoids, and myrmekitic lenses. The mafic layer, which marks the upper limit of the foliated zone, is considerably more dense than the underlying cumulates (3-25 g/ cm 3 vs 2-90 g/cm 3 ), and could have provided the driving force for the compaction of the foliated zone. It also seems likely that fluids moving through the cumulates promoted recrystallization and thereby facilitated compaction.
The general sequence of rock types in OB-IV is the same as in OB-III, and both may have crystallized in a similar manner. The lower portions of both OB-III and OB-IV are predominantly anorthositic and troctolitic (Fig. 5) . In each, olivine gabbro becomes increasingly abundant at the expense of anorthosite with height. Near the top of OB-III and locally at the top of OB-IV, cumulus orthopyroxene joins the assemblage; and three-and four-phase cumulates make up the uppermost portions of these zones. The progression of cumulate types is consistent with increasing fractionation in OB-III and OB-IV. However, the lack of decreasing trends with height in average mg-number values of mafic minerals and in the average An content of the plagioclase does not support this conclusion. Comparison of the average mf-number values of cumulus mafic minerals and the average An content of coexisting plagioclase shows no correlation between these two primary indices of magma evolution (Fig. 16) . Thus, if significant fractionation took place during the crystallization of OB-III and OB-IV, much of the chemical evidence has been obscured.
Evolution of the Middle Banded series
Several features of OB-III and OB-IV suggest that these units are intimately related to AN-I and AN-IL Whereas none of the observations, taken individually, unequivocally demonstrates that all of the zones in the Middle Banded series are related, collectively they provide a basis for reaching this conclusion. Features that tie the Middle Banded series together are as follows:
(1) AN-I.5 is essentially the same in grain size, texture and composition as AN-I and AN-I I. The only occurrences of laterally extensive, pervasively altered troctolites are found beneath AN-I, AN-I.5 and AN-II. These features suggest that these three anorthosite horizons formed in a similar manner.
(2) Complex plagioclase zonation patterns noted in AN-I and AN-II (Scheidle, 1983; Czamanske & Scheidle, 1985) are also observed in the plagioclase throughout OB-III and OB-IV. This includes normally zoned grains, reversely zoned grains, high-An rims and truncation of zonation patterns as if by grain breakage.
(3) Polyphase inclusions composed of clinopyroxene, apatite and mangano-ilmenite are found throughout AN-I and AN-II, and OB-III and OB-IV, but have not been identified in the Lower Banded series or Upper Banded series. Loferski & Arculus (1993) suggested that these inclusions indicate that the entire Middle Banded series crystallized from a highly polymerized magma in the Stillwater chamber.
(4) Plagioclase compositions are nearly constant throughout the entire Middle Banded series. Although this compositional feature is enigmatic, it suggests that AN-I and AN-II, and OB-III and OB-IV, are related by the process responsible for the constant An content.
(5) The Pb isotopic values for AN-I, OB-III and AN-II show little variation (Wooden et al., 1991) .
If the Middle Banded series is considered as one unit, any model for the genesis of the thick anorthosites must account for the genesis of OB-III and OB-IV. Four models for the origin of AN-I and AN-II have been proposed:
(1) Hess (1960) suggested that during the crystallization of the Ultramafic Series, plagioclase crystallized and either rose buoyantly or remained in suspension and was displaced upward by density currents. This plagioclase was ultimately resorbed and, along with less dense interstitial liquid that escaped from the crystal pile, formed a layer of magma enriched in plagioclase component. Repetition of this process during the solidification of the ultramafic series resulted in a stratified magma chamber with the middle portion enriched in plagioclase component that crystallized to form the thick anorthosites.
(2) McCallum et al. (1980) and Raedeke (1982) proposed that during the crystallization of the Ultramafic Series, plagioclase was crystallizing in the intermediate portion of the magma chamber because of a pressure gradient. This plagioclase remained in equilibrium with the main body of magma during the crystallization and formed anorthositic 'rockbergs'. Injection(s) of a magma with a different composition caused additional crystallization and the rockbergs sank in two episodes forming AN-I and AN-II. Support for the rockberg model, in principle, is found in the work of Haskin & Salpas (1992) . They interpreted compositional characteristics of AN-I and AN-II to indicate that these zones were formed by the amalgamation of aggregates of crystalline plagioclase.
(3) Irvine (1975) pointed out that because of the curvature of the cotectic surfaces, mixing of a primitive basaltic magma with a more evolved basaltic magma can result in crystallization in the plagioclase-only field. It has been suggested that AN-I and AN-II may therefore be the result of magma mixing upon injection of a more primitive magma into the more evolved Stillwater magma chamber. (4) Czamanske & Bohlen (1990) argued that AN-I and AN-II were injected into the Stillwater stratigraphy as plagioclase-phyric mushes derived from a fractionating magma chamber at the crust-mantle boundary.
Two of these models are incompatible with the conclusions reached above. Formation of the Middle Banded series by mixing across cotectic surfaces (Irvine, 1975) would require enormous amounts of more primitive magma to yield anorthositic layers of the thickness of AN-I, AN-I.5 and AN-II. Also, crystallization of the hybrid magma, once mafic minerals are saturated, should be accompanied by evolution in m^-number in the remaining magma throughout OB-III and OB-IV. The model of Czamanske & Bohlen (1990) requires that the Stillwater Complex was invaded by three pulses of plagioclaseladen magma. That AN-I.5 is relatively thin presents a physical problem for intruding a viscous crystal mush into partially solidified cumulates to produce a horizon with such a large aspect ratio but relatively uniform thickness. This model also calls upon an exotic source for the thick anorthosites and does not explain their many similarities to OB-III and OB-IV.
The models proposed by Hess (1960) and by McCallum et al. (1980) provide explanations for the thick anorthosites that are not inconsistent with our results. However, neither model provides an explanation for the compositional features of OB-III and OB-IV. Both models can be extended to explain the abundance of complexly zoned plagioclase in OB-III and OB-IV. In each, the same processes that allowed the anorthositic zones to form could have resulted in accumulation of crystalline plagioclase between these two zones. Thus the lack of evolution in the plagioclase throughout the Middle Banded series can be explained by the mechanism that allowed the plagioclase to be concentrated. However, neither model explains the lack of evolution in the mafic minerals and the appearance of clinopyroxene before orthopyroxene in OB-III and OB-IV.
Two explanations for the different crystallization sequence are most consistent with the data presented. Both require the addition of some liquid to the Middle Banded series whose composition changes the crystallization relations in these zones by changing the bulk composition of the liquid. McCallum et al. (1980) suggested that this additional liquid was a different parental magma injected into the complex at the level of OB-III and OB-IV. Assuming this were so, it seems rather fortuitous that the composition of the added liquid did not change the composition of the minerals that crystallized after its introduction from those in equilibrium before its addition, although periodic introductions of this liquid could have buffered the composition of the crystallizing minerals to produce the observed lack of compositional variation. Alternatively, the liquid could have been derived from the Ultramafic series as rejected solute enriched in plagioclase and clinopyroxene components that rose to the level of the Middle Banded series as buoyant plumes (Morse, 1986) .
Neither the mineral compositions nor the field relations require the Middle Banded series to have crystallized from more than one magma. Isotopic data (Martin, 1989; Lambert et al., 1989 Lambert et al., , 1994 have been used to infer that two or more magma sources were involved in the formation of the Banded series. Loferski et al. (1994) examined rareearth-element contents of plagioclase and concluded that at least two parental liquids were responsible for the formation of the Middle Banded series. The remarkable continuity in major-and trace-element compositions of the cumulus minerals throughout the Middle Banded series suggests that the isotopic and rare-earth-element data should not be considered as definitive. There is evidence that interaction with postcumulus fluids has disrupted isotopic systems locally in the Stillwater chromitites (Marcantonio et al., 1993) . Similar or other postcumulus effects such as recrystallization may have also modified original rare-earth-element contents of the cumulus minerals.
CONCLUSIONS
Petrographic study of OB-III and OB-IV demonstrates that only portions of these zones show significant lateral continuity. However, despite lateral variations in cumulus mineral proportions, electron microprobe analyses reveal that the average mineral compositions show little or no lateral variability. Likewise, no pronounced stratigraphic trends are observed in their average major-element and traceelement compositions. Detailed examination has revealed the importance of smaller-scale processes involved in producing and modifying both the rock textures and chemistry. For example, correlation of rock fabric with plagioclase grain habit suggests that plagioclase grain morphology may be indicative of the stress conditions present during the solidification of cumulates. Channelized liquid and/or fluid flow through largely consolidated cumulates is evidenced by (on a small scale) high-An partial rims on some plagioclase grains and (on a larger scale) discordant bodies and pegmatites. Zonation preserved in clinopyroxene grains and the compositions of coexisting clino-and orthopyroxene indicate that submagmatic reequilibratdon has taken place.
Petrographic and compositional data suggest that the entire Middle Banded series is petrogenetically related and that discussions of the origin of the two thick anorthosites (AN-I and AN-II) cannot be divorced from the origin of OB-III and OB-IV. We suggest that the thick anorthosite layer at the base of OB-IV (AN-I.5) formed in the same manner as AN-I and AN-II. The general sequence of rock types in OB-III and OB-IV is the same and implies that these zones formed through similar processes. The increase in the number of cumulus minerals with height implies continuous fractionation of the liquid that produced OB-III and OB-IV. This interpretation conflicts with the lack of observed fractionation in mineral compositions with height. Our results are consistent with both the models of Hess (1960) and McCallum et al. (1980) for the origin of the thick anorthosites. The major-and trace-element compositions of the cumulus minerals do not indicate that more than one parental liquid is required to form OB-III and OB-IV. This conclusion is in apparent conflict with the results of isotopic and rare-earthelement studies that indicate the presence of at least two distinct parental liquids. However, postcumulus processes may have obscured or completely overprinted some of the original compositional and textural features of the zones, and recognition of these processes and their effects is required before further speculation about the cumulus origins of the Middle Banded series is warranted.
